MOBILITIES  OF  M  A  S  S- I  D  E  N  T  I  F I  E  D  ATOMIC  IONS 
IN  THE  NOBLE  GASES 

R.  Johnsen,  et  al 

Pittsburg' h  University 

l _ 

— 

Prepared  for: 

Advanced  Research  Projects  Agency 
Army  Research  Office-Durham 

June  1973 


DISTRIBUTED  BY: 


National  Technical  information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


AD  7  6  6276 


* 


65  65.  C  5- 


f 


SPACE  RESEARCH 


COORDINATION  CENTE-I? 


MOBILITIES  OF  MASS-IDENTIFIED 
ATOMIC  IONS  IN  THE  NOBLE  GASES 


BV 

R  JOHNSEN,  M.  T.  LEU  AND  MANFRED  A  3IONDI 


SPONSORED  BY 

ADVANCED  RESEARCH  PROJECTS  AGENCY 
ARPA  ORDER  NO  826 
CONTRACT  NO.  DA-31 -1  24-ARO-D-440 


MONITORED  BY 

U  S.  ARMY  RESEARCH  OFFICE-DURHAM 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED 


SRCC  REPORT  NO  189 
JUNE  1973 

UNIVERSITY  OF  PITTSBURGH 
PITTSBURGH.  PENNSYLVANIA 


NATIONAL  TICHNICAt 
INFORMATION  SERVICE 

Si  ■  •  4>  *  a  7;  is 


THE  VIEWS  AND  CONCLUSIONS  CONTAINED  IN  THIS  DOCUMENT  ARC  THDSE  DF  THE  AUTHORS  AND  SHOULD 
NOT  BE  INTERPRETED  AS  NECESSARILY  REPRESENTING  THE  OFFICIAL  POLICIES.  EITHER  JTXPRFuSED  OR 
IMPLIED.  OF  THE  ADVANCED  RESEARCH  PROJECTS  AGENCY  OR  THE  U  S.  GOVERNMENT. 


The  Space  Research  Coordination  Center,  established  in  May,  1963,  has  the  following  functions:  (1)  it  ad¬ 
ministers  predoctoral  and  postdoctoral  fellowships  In  space- related  science  and  engineering  programs;  (2)  It  makes 
available,  on  application  and  after  review,  allocations  to  assist  new  faculty  members  in  the  Division  of  the 
Natural  Sciences  and  the  School  of  Engineering  to  Initiate  research  programs  or  to  permit  established  faculty 
members  to  do  preliminary;  work  on  research  ideas  of  a  novel  character;  (3)  in  the  Division  of  the  Natural  Sciences 
It  makes  an  annual  allocation  of  funds  to  the  interdisciplinary  Laboratory  for  Atmospheric  and  Space  Sciences; 
(4)  in  the  School  cf  Engineering  it  makes  a  similar  allocation  of  funds  to  the  Department  of  Metallurgical  and 
Materials  Engineering  and  to  me  program  in  Engineering  Systems  Management  of  the  Department  of  Industrial 
Engineering;  and  (5)  in  concert  with  the  University's  Knowledge  Availability  Systems  Center.  It  seeks  to  assist 
in  the  orderly  transfer  of  new  space-generated  knowledge  In  industrial  application.  The  Center  also  issues  pe¬ 
riodic  reports  of  space-oriented  research  and  a  comprehensive  annual  report. 

The  Center  is  supported  by  an  Institutional  Grant  (NsG-416)  from  the  National  Aeronautics  and  Space  Ad¬ 
ministration,  strongly  supplemented  by  grants  from  the  A.  W.  Mellon  Educational  and  Charitable  Trust,  the 
Maurice  Falk  Med*  al  Fund,  the  Richard  King  Mellon  Foundation  and  the  Sarah  Mellon  Scaife  Foundation.  Much 
of  the  work  de  crlbed  it  SRCC  reports  Is  financed  by  other  grants,  made  to  Individual  faculty  members. 


/ 


AD  766276 


UNCLASSIFIED 


Security.  Classification 


DOCUMENT  CONTROL  DATA  •  R&D 

ft  •tuelty  c/«##///c#f/an  ot  f  fll«,  body  ot  obtlroci  #nd  •nrvi/«ff  on  muft  6#  •nf«r#rf  //i#  owrm//  smjjntt  i» 


1  OAlftIN  A  T IN  O  activity  (Co/p <>/•/•  tulhoi) 

University  of  Pittsburgh 
fittsburgh,  Fa.  l‘_>260 

2  •  ACPOA  T  it  CUAI  TV  C  L*I>IFIC*  TiON 

Unclassified 

lb  CROUP 

1  nePOAT  TITLE 

MOBILITIES  OF  MASS-IDKNTI FFED  ATOMIC  IONS  IN  THE  NODUS  OASES 

4  OCSCWlPTIVt  NOTES  (Typo  ot  roport  •r\d  tnctuofvo  dmf) 

Scientific  pape;  -  issued  .June  1973 

S  AJTHOR(S)  nam#  //Ml  nomo  tnttlol) 

R.  n.m.i.  Johnsen,  M.  T.  Leu  and  Manfred  A.  Biondi 

•  AEPO  AT  DATE 

June  1973 

7*  total  no  or  Ptcti  7b  no  or  acfi 

30 

•  «  CONTAACT  OA  OAANT  NO 

DA-31-12' 4-ARO-D-4LO 

*1  PAOJEC  T  NO. 

F-6563-P 

c 

ARI’A  Order  826,  Am.  9 

4 

•  ■  OAIOINA  TOA'I  AEPOAT  NUMSCAf5| 

APP-Ul 

i6  OTHIR  ACPOAT  k  0(3)  (Anyoihot  number*  thot  mo  y  b  0  oootjnod 
(n/«  roport) 

SRCC  No.  189 

10  A  V  A  IL  ABILITY/LIMIT  ATION  NOTICE* 

Approved  for  public  release;  distribution  unlimited. 

11  SUPPL  EMENTAAY  NOTES 

MONITORED  BY: 

U.  S.  Army  Research  Office-Durham 

II  SPONSOAINO  MIL1TAAY  ACTIVITY 

Advanced  Research  Projects  Agency 

1*400  Wilson  Blvd. 

Arlington.  Va.  22209 

1  11  ABSTRACT  jj 

A  drift  tube/mass  spectrometer  apparatus  has  been  uBed  to  determine  the 
mobilities  of  mass-identified  atomic  ions  in  the  nobel  gises  as  a  function  of  E/p 
(drift  field/gas  pressure)  at  T  =  ?95  K.  The  measured  values  of  the  reduced 
mobilities  u0  of  He+  in  He,  Ne+  in  Ne  and  Ar+  in  Ar  are  in  agreement  with  earlier 
investigations  which  did  not  employ  mass-identification.  The  measured  value  at 
E/p  =  0,  Uo(N+  He)  =  (31*0  £  ]*!o)  cm?  v”^  sec“i,  iG  in  good  agreement  with 
quantal  calculations,  but  the  observed  decrease  of  u0  with  ion  energy  is  somewhat 
slower  than  that  predicted  by  theory.  The  measured  mobility  of  each  of  the  noble 
gas  ions  Ne+,  Ar+,  Kr+  and  Xe+  in  He  is  found  to  be  ~  6-12^  lower  than  that  of  the 
corresponding  alkali  ion  (as  determined  by  Tyndall's  group). 


DD  MX.  1473 


/ 


UNCLASSIFIED 


Security  Classification 


UNCIASSIFIED 

<>•(  urilv  Cl. is  ilu  .ilinit 


1 


KC  v  WOWOO 


«OL|  w»  r 


I'o.'iiMvi*  Ion  Mobil  l  ti nr. 

Atomic  Ions 

Drl  Pt/Tube/Mnsn  spectrometer 


LINK  ft 

hoi  i  r  * » 


**OI.*  NT 


*  ORIGINATING  ACTIVITY  I. filer  Ihe  name  *»nd  uddretn 
of  ihr  cunt  meter,  tube  i>nt  fur  tor,  grunter,  L)epar|mritl  of  Of1- 

act  IV  »t  V  or  uther  or  g  jni /a,  inn  (<  nrfiora/tt  juf/lur)  Itauinc 
Ihr  report. 

7rr  REPORT  SKCUMTY  r  LASSIEICATION:  Enter  the  over- 
irll  security  <:  lass  f ic  nl  ion  of  the  rrport.  Indicate  whether 
Restricted  Data"  111  included.  Marking  Is  to  be  in  uncord- 
unre  with  appropriate  security  rcgul st iun a. 

2b.  GROUP-  Autnmat ic  downgrading  is  specified  in  Doll  Di¬ 
rective  $ 200.  10  and  Armed  Fortes  Industrial  Mununl.  t-ntr 
the  nil, up  number  Also.  wl»-n  npplte  able,  show  that  uplion.il 
maikirie.s  have  been  used  fur  (.1  on..  .1  and  Group  4  us  uulhui- 
ired 

3.  REPORT  n  i'LK:  Enter  the  complete  report  title  in  all 
cnpital  Inters.  Titles  in  all  puses  should  be  unclassified, 

If  n  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  In  parenthesis 
Immediciiel y  following  the  n(|r. 

4.  DESCRIPTIVE  NOTES  If  appropriate,  enter  the  type  of 
report,  e  g.,  interim,  progress,  summary,  annual,  ur  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covrred. 

5.  AUTIION(S):  Enter  the  namefs)  of  autliur<s)  us  shown  on 
or  in  Ihe  rrport.  Rnlei  last  name,  first  name,  middle  Initial. 

If  military,  show  rank  and  brunch  of  service.  The  name  of 
th<  puncipal  ..  qhor  is  an  absolute  minimum  reqmremenb 

0.  RE.I  ORT  DAT c_  Enter  (he  dule  uf  the  report  as  day, 
month,  year,  ur  month,  ear.  If  more  than  one  dule  appears 
no  the  report,  use  date  i  '  puhl  u  utiun. 

7a  ’T3TAI.  NUMBER  If-  PAGES;  The  (ut.il  page  count 
“htmlrl  Ini  low  normal  pagination  preu  edurea,  r.e„  enter  the 
number  of  p.iyes  containing  inluritMtion. 

7n  NUMBER  OK  RKE FRK NC ES.  Enter  ,h,  tu.nl  number  of 
•C'teii  ni  es  cited  |n  (he  letiort- 

Ha  CON  TRAC  r  OR  GRANT  NUMKEE  If  opprop. .me,  enter 
,  “hPltrable  number  of  the  .  ontr...  t  ,,,  g-„n(  under  win.  b 
II  e  report  was  written, 

Bh  is.  V  S, I  PROJECT  NUMBER  I  nter  the  upp.upr.ute 
ir  il  it  nr  y  rl.partnrent  rdenhfi  su,  h  as  project  number, 

su  I  r  eject  number,  sy  item  nun, beta,  task  number,  etc, 

■'*  ,  ORIGINATOR'S  REPf.R  r  NUMIIE  R(S):  Enter  the  off,- 
'  "V  "  n'j,nb»  r  by  which  the  document  will  be  identified 
*'  ronlrollril  by  lb,  original  mK  t  ivil  y,  fhi  a  number  mu  at 
he  unique  lu  till  .  irpuit. 

'th  0n,IM<  N"MIIEK,SJ  If  the  has  been 

iiM.icned  any  nth.u  numb. -is  fu.rb.-r  by  Ihr  unJmoror 

or  by  Ibe  spun So, A  enter  thin  number(a). 

10.  AVAII.AI1II.IT  Y/LIMITATION  NO'I  ICES:  Enter  any  llm- 
talems  on  Gather  ilissommuth  n  uf  the  repurt,  other  than  those 


INSTRUCT  IONS 


inipoftril  by  sec  only  i  I  MHsihi  dimn,  using  biwndwrd  kttftrnirnta 
iut  h  o  H 

(1)  4  4(,>uuJ  till'd  i  ri)U<  si  01  s  rm«>  nb|  u  In  i  r.pl  *t  nf  t  hi  i 
rrpMrl  fn  rri  DDC. 4 ' 

(2)  <<f  oual|*n  Mnnuum  rnirttl  uiul  di  ua  cininwl  :«»n  n  Hit 
rrpori  by  DDC  i m  not  Muthon zed.  ** 

(  J>  ,4U  S.  Government  ii^rncu’s  muy  ohium  topic*  of 
thin  rt-port  ilinctly  Irum  DDC.  Other  ipialifirl  l)f>T 
ii'*erb  m..it I  't^jesl  (Itmwflj 

_  # « 

(4)  "U.  S.  rrulll.ny  agencies  may  ubtuln  cuptes  of  Hits 
repo, I  directly  from  DDC.  Ollier  qualified  uin* 
shall  request  thinugh 

______  *  < 

(5)  "All  distribution  nf  llua  repurt  is  com, oiled  f>al- 
ified  DDC  use, a  vli.ill  request  thruugh 

f  I 

If  Ihe  report  has  he»n  furnished  In  the  Offtc  e  nf  Technu  ,il 
Services.  Drpuitment  of  Cumnicrre,  lor  sale  (u  the  puhl  h  ,  indt- 
t  Ml  i?  I  Hi i»  f I  and  enter  the  pmr,  if  known 

II.  SUPPEEMEN  r  AK  Y  NO  TES:  Use  for  additional  eiplana- 
lury  nute  a. 

17.  SPONSORING  MII.ITARY  ACTIVITY  I  me,  I  he  name  of 
'  drp  art  mental  ptoje.  t  office  or  luhoialniy  t.punsomig  (fur 
"ifl  (or)  ihr  reaeur,  h  and  development.  Include  udd/ess. 

I  I  ABSTRACT  Enter  un  ubstiui  t  giving  a  brief  and  factual 
sununury  uf  the  document  indicative  of  Ihe  repuil,  even  Ihnugh 
tt  may  also  uppear  elsewheie  in  the  budy  of  Ihe  technical  re 
purl  If  additional  npai  e  is  repined  a  .  . . .  sheet  shall 

UC'  U  I  t  If  (  Ill'll 

It  IS  highly  desirable  that  the  abstract  uf  i  l„ s„, I, ,d  report s 
h  unclassified  Each  paragraph  of  Ihr  uhslra.l  shall  end  with 
an  imlic  altun  ul  the  m.lttary  set  unty  clussifi,  alum  .,1  the  in 
I  uniatiun  in  the  paragraph  lepiesi  ni.  d  as  (  7  s  1  rs;  ,t,  ,  r, 

There  is  nu  limit . in  on  the  length  of  the  at.siia  t  l|  A 

>  ver  the  suggested  length  is  fmm  I  So  i  ,  J  is  w 

.'r'sSo.'i  m!OHI)S„  K"L  W'’",s  u"  ‘  “"V  . an. n glut  trims 

lu.  h'V  . .  ;  «»•"«  tc-qinn  t  Id.  un 

,  . . drl  desigualioii  n.r.le  . . . 

L  i  i  Iteugratibn  lui  uli  n  may  t„-  us,  ,1  is  k.  y 

w,H,l  .  ml  will  followed  by  . pin  ation  ,  f  „“h ■  „  .  I  o, 

«'  ll.e  men.  of  links  lules,  and  weigh,  a  is  iptiuual 


UNCLASSIFIED 

Sccuri'y  Clussifu  ultun 


Mobil i t i os  of  Mass-Identified  Atonic  Ton.: 
in  the  Noble  Gases 


R.  Johnson  ore]  M.  T.  Leu 
lhysics  Department, 

University  of  Pittsburgh,  Pittsburgh,  Pennsylvania  19260 

and 


Manfred  A.  Biondi 

Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado,  boulder,  Colorado  8030;’ 


Sponsored  by 

Advanced  Research  Frojects  Agency 
ARPA  Order  No.  82 6 

Contract  No.  DA-31 -12l|-AR0-D-M0 

Monitored  by 

U.  G.  >  rmy  Research  Office-Durham 


Approved  for  public  release;  distributer  unlimited 


June  1973 


The  views  and  conclusions 
authors  and  should  nut  be 
official  policies,  cither 
Projects  Agency  or  the  U. 


contained  in  this  document  are  those  of  the 
interpreted  as  necessarily  representing  the 
expr  e.ise  l  01  ii.pl  icd,  of  the  Advanced  Rosea  1 
G.  Government. 


i  t 


•ch 


Mobilities  of  Mass-I dent f f led  Atomic  Ions  in  the  Noble  Gases* 


K.  Johnsfc,,  and  M.  T.  Leu-1' 

Physics  Department 

University  of  Pittsburgh,  Pittsburgh ,  Pennsylvania  15260 

and 

Manfred  A.  Biondi^ 

Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado,  Boulder,  Colorado  80302 

ABSTRACT 

A  drift  tube /mass  spectrometer  apparatus  has  been  used  to  determine 

tne  mobilities  of  mass-identified  atomic  ions  in  the  noble  gases  as  a 

function  of  K/p  (drift  field/gas  pressure)  at  T  »  295  K.  The  measured 

values  of  the  reduced  mobilities  Uq  of  He+  in  He,  Ne+  in  Ne  and  Ar+  in 

Ar  arc  in  agreement  with  earlier  investigations  which  did  not  employ 

mass-identification.  The  measured  value  at  K/p  =0,  u  (n+  in  He)  - 
Ml  n  +  °-5v  2  w_l 

Mi.u  _  ^  cm  V  sec  ,  is  in  good  agreement  w'rh  quant nl  calculations 
but  the  observed  decrease  of  uq  with  ion  energy  is  somewhat  sheer  than 
that  predicted  by  theory.  The  measured  mobility  of  each  of  the  noble  gas 
ions  Ne  ,  Ar  ,  Kr  and  Xe  in  He  is  found  to  be  ~6-12%  lower  than  that 
of  the  corresponding  alkali  ion  (as  detern  .:,ed  by  Tyndall's  group). 
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I.  INTRODUCTION 

I  he  experimental  study  of  the  mobilities  of  posit  I' e  Ions  In  various 
gases  has  provided  Information  concerning  the  nature  'f  lon-atom  Inter¬ 
atomic  orccs.  This  has  been  especially  true  where  a  related  series  of 
ions  and/or  atoms  (e.g.  alkali  ions  in  noble  gases  )  has  been  investi¬ 
gated.  Unfortunately,  In  a  number  of  studies  the  identity  of  the  ion 
under  investigation  has  been  in  doubt,  and  therefore  the  measurements 
have  cont  iliuted  little  to  our  basic  understanding.  The  recent  use  of 

drift  mobility  tube/mass  spectrometer  apparatus  to  determine  ion  mobill- 

4-8 

ties  and  ion-molecule  reaction  rates  has  corrected  this  problem  by 
providing  n  means  for  unambiguous  identification  of  the  ions  under  study. 

We  have  applied  an  improved  version  of  our  mobility  tube/mas'  spec- 

q  + 

trometer  apparatus  to  a  determination  of  the  mobilities  of  lie  in  He, 

Nc+  in  Ne  and  Ar+  in  Ar  (ion-parent  atom  cases)  and  of  ll+,  Ne+,  Ar"*  , 
f  + 

Kr  and  Xc  ions  in  He  gas  (unlike  ion-atom  cases)  over  the  range  from 
295  K  to  ~0.4  eV  ion-atom  relative  energy.  While  in  the  atomic  ion- 
parent  atom  cases  there  is  little  need  for  mass  spectrometric  identifica¬ 
tion  of  the  ions,  in  the  unlike  ion-atom  studies,  the  possibility  of  com¬ 
plex  ion  formation  in  the  gas  mixtures  (e.g.,  Hell+  in  hydropen-helium) 
necessitates  positive  identification  of  the  ions  under  study. 

The  atomic  ion-parent  atom  measurements  provide  a  check  of  our  mobi¬ 
lity  determinations  against  well-established  mobility  values. ^  The 

study  of  the  series  of  noble  gas  ionB  in  helium  permits  a  comparison  with 

1-3 

corresponding  measurements  of  mobilities  of  alkali  ions  in  helium  to 
investigate  systematic  differences  between  the  two  seric..  Finally,  the 
determination  of  the  mobility  of  II  in  lie  permits  a  comparison  with  re¬ 
cent  measurements^  and  theoretical  cal  .  at i ons  . ^ 
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I  r  .  MFTini)  OF  MF.ASURF.MKNT 

Tbo  mobility  tube/mass  spectrometer  apparatus  and  the  method  of 
determining  ion  mobilities  have  been  described  in  detail  recently.^  The 
apparatus  consists  of  a  pulsed  electron  bombardment  ion  source,  a  drift 
tube  in  which  a  uniform  elei  trie  field  is  established  hv  a  series  of 
guard  rings,  and  a  differentially  pumped  section  containing  a  quadrupole 
mass  spectrometer  and  a  channeltron  electron  multiplier.  A  pulse  of  ions 
from  the  source  enters  on  the  axis  of  the  drift  section  through  a  small 
(0.4  cm  diam)  in)ection  orfice.  (Small  drawout  voltages  are  applied  in 
the  ion  source  to  minimize  the  ion  iniection  energy.)  'Hie  ions  traverse 
the  drift  region,  and  those  remaining  on  axis  effuse  through  an  exit 
orifice  (0.046  cm  diam)  into  the  di fferential Iv  pumped  mass  spectrometer. 
Individual  ions  are  counted  with  the  aid  of  a  channeltron  electron  multi¬ 
plier  (gain  ~10^) ,  and  the  ion  counts  are  coherently  summed  over  manv  cvcle 
repetitions  in  a  multichannel  analyzer  operating  in  a  time-o f-f H ght  mode 
to  determine  the  ion  arrival  spectrum. 

The  mobility  is  determined  from  measurements  of  t-he  time  required 
for  the  ions  to  transit  the  known  length  of  drift  region  (the  ~  3  to  30 
psec  transit  time  through  the  quadrupole  spectrometer  is  subtracted  from 
the  measured  t-ime)  .  The  ion  transit  time  is  taken  as  the  time  of  arrival 
of  the  maxim  ir  i  in  the  ion  pulse  at  the  exit  orifice.  Calculations^  show 
that,  in  spite  of  diffusion  broadening,  the  time  of  maximum  signal  is 
within  ~l/2%  of  the  actual  transit  time. 

The  small  (~5%)  inhomogeneity  in  the  drift  field  near  the  entrance 
orifice  can  he  shown  to  require  only  a  second  order  and  therefore  neglig¬ 
ible  correction  to  the  mobility  determined  from  the  equation 
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u  TmV  t. 


n> 


app  t 


where  v  Is  the  foil  drift  voir  city  In  the  applied  drift  field  K,  V 


(1  'app 

Is  the  total  voltage  applied  over  the  drift  length  I, (=15. 73  cm)  and  t 

is  the  ion  transit  time  through  the  drift  region. 

Since  we  are  unable  to  varv  the  length  of  the  drift  region,  rare 


must  be  taken  to  eliminate  effects  of  Ion  infection  at  velocities  exceed- 

0 


lng  the  drift  velocity.  As  described  previously,  after  inlection  the  ion 
pulse  is  returned  to  the  entrance  plate  (hv  reversing  the  drift  field)  where 
most  of  the  ions  are  absorbed.  The  original  drift  field  direction  is  re¬ 
stored  and  the  ion  transit  time  measured  from  this  time  origin.  Tn  prac¬ 
tice,  we  have  usually  found  negligible  difference  between  the  transit  time 
so  determined  and  that  measured  without  field  reversal  when  the  drawout 
voltages  in  the  ion  source  are  kept  small. 

The  mobilities  are  measured  as  a  function  of  K/p,  where  p  is  the 


gas  pressure,  and  the  ions'  mean  energy  of  relative  motion  is  calculated 

16 


using  an  expression  dcrlvpd  hv  Wannier  under  the  assumption  of  a  con¬ 
stant  mean  free  time  between  lon-atom  collisions.  According  to  his  theory, 
the  ion  mean  energy  in  the  laboratory  frame  is  given  bv 


?lab  '  1  kT  4 


(2) 


where  M  is  the  mass  of  the  gas  atom,  m  the  mass  of  the  ion,  v,  the 

d 


drift  veiocitv,  k  Roltzmann's  constant  and  T  the  gas  temperature. 
From  this,  the  mean  energy  of  relative  motion  between  the  ion-atom  colli¬ 
sion  pairs  is  readily  shown  to  be: 


-  3  1  ? 

c  -  j  kT  +  7  M  vd 


(3) 
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The  assumption  of  a  constant  mean  free  time  between  collisions  is 
appropriate  in  cases  where  the  momentum  transfer  cross  section  varies  in¬ 
versely  with  velocity.  Such  a  variation  is  encountered  in  the  manv  cases 
where  the  principal  interaction  between  ion  and  atom  is  of  the  point 
charge-induced  dipole  type.  However, the  assumption  of  a  constant  mean  free 
time  is  poor  in  the  case  of  ions  drifting  in  their  parent  gas,  where  reson¬ 
ant  charge  transfer  is  usually  the  dominant  interaction.  As  has  been 
noted  previously,7  Wannier's  formula  tends  to  overestimate  the  ion  mean 
energy  by  as  much  as  a  factor  A/tt  in  this  case. 

TTI.  RESULTS 

A.  Ton-Parent  Atom  Mobilities 

The  measured  reduced  mr’nilities  p  of  mass  identified  He+  ions  in 

o 

helium  at  295  K  are  shown  bv  the  upper  set  of  data  points  in  Fig.  1.  (In 

keeping  with  current  usage  the  mobilities  are  referred  to  a  standard  gas 

19  -3 

density  of  2.69  x  10  cm  .)  Shown  for  comparison  is  the  empirical 
17  i  o 

analytic  fit  (solid  line)  of  the  data  of  Reaty  and  Patterson  (1.5  < 
l/p  <  9.5)  and  of  Homheck  (7.5  <  F/p  <  320).  This  curve  also  fits  the 
data  of  Biondi  and  Chan in ‘ °  (1.5  <  E/p  <  11).  However,  it  falls  ~1A7 
below  the  mass-ana  1 vzed  data  of  Madsen,  Oskam  and  fhanii/'  (8  <  F/p  <  25) 
at  the  high  F/p  end  of  their  measurements 

The  results  of  our  studies  of  Ne+  in  Ne  at  295  K  are  shown  bv  the 

lower  set  of  data  points  in  Fig.  1.  The  solid  line  is  the  empirical 

21  21 
analytic  fit  of  the  data  of  Beatv  and  Patterson  (2  <  F/p  <  26),  of 

Biondi  and  Chanin"0  (3  <  F./n  <  15),  and  of  Hornbeck10  (10  <  F/p  <  600). 

The  dashed  line  represent  an  earlier  empirical  analytic  fit  (not  valid 

at  very  low  F/p)  of  the  data  of  Biondi  and  Chanin  and  of  Hornbeck. 
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Tht>  measurtjd  mobilities  of  Ar+  in  Ar  at  295  K  are  shown  by  the  data 
points  in  Tip.  2.  The  solid  curve  Ik  Frost's  empirical  analytic  fit22 
of  the  data  of  Biondi  and  Chanin20  (8  <  F/p  <  36)  and  of  Hornbeck19 

(22  <  F/p  <  800) .  The  dashed  curve  represents  the  results  of  mass-identi¬ 
fied  studies  bv  McAfee,  Sipler  and  Kdelson.8 


B.  Unlike  Ion-Atom  Mobilities 

The  measured  motilities  at  295  K  of  H+  in  lie  are  shown  bv  the  upper 
set  of  data  points  in  Fig.  3.  Data  taken  bv  the  field  reversal  technique 
(to  eliminate  injection  effects)  are  shown  by  the  cross-type  symbols,  while 
those  taken  conventionally  are  represented  by  the  closed  symbols.  At  low 


helium  pressures  and  high  F/p  the  field  reversal  technique  yields  ~107 

higher  mobility  values.  The  hyorogen  pressures  (3  x  in-8  to  4  x  10-2 

Torr)  required  for  H+  ion  generation  were  not  always  negligible  compared 

to  the  helium  pressures  (0.3  -  ]  Torr),  necessitating  up  to  6 7,  Blanc's 
23 

haw  correction  of  the  mobilities  to  correspond  to  the  pure  helium  case. 

The  solid  line  represents  the  direct  measurements  of  H+  in  He  and  the  dashed 

line  properlv  scaled  measurements  of  D+  in  He  (see  next  section)  of 
12  13 

Orient  ’  for  mass  identified  ions. 

Our  measurements  for  Ne+  in  He  are  shown  bv  the  lower  set  of  data 


points  in  Fig.  3.  The  Ne  ion  generation  was  accomplished  with  a  very 


small  partial  pressure  of  neon  (•  8  x  irf4  Torr),  assuring  that  the 


measure¬ 


ments  refer  to  the  mobility  of  Ne+  ions  in  helium. 


The  mobilities  at  295  K  for  the  other  noble  gas  ions,  Ar+,  Kr+,  and 

Xe+,  in  helium  are  shown  in  Fig.  4.  Again,  only  very  small  partial  pres- 

suraa  of  argon  (<  6  x  lO-4  Torr),  krypton  (<  7  *  ]0~4  Torr),  and  xenon 
_4 

*  10  'orr)  were  required  for  appropriate  ion  generation  in  the  helium 


gas. 


TV.  DISCUSSION  AND  CONCLUSIONS 


A.  Ton-Parent  Atom  Mobilities 

Resonant  charge  transfer  is  the  dominant  interaction  which  deter¬ 
mines  the  ion  mobilities  in  the  cases  He+  in  Me,  Ne+  Tn  Ne  and  Ar+  in  Ar . 


In  such  cases  the  momentum  transfer  cross  section,  o  ,  is  calculated 

m 

to  vary  approximately  as 


24 


a  =  (A  -  ?,  P.n  v)‘ 
m 


(4) 


where  A  and  B  are  constants  and  v  is  the  ion-atom  relative  velocity, 

-1/2 

leading  to  prediction  of  a  mobility  which  varies  roughly  as  (e^on)  * 

Our  data,  shown  in  Figs.  1  and  2,  show  a  somewhat  slower  decrease  with 
relative  energy  than  suggested  bv  this  simple  theory,  the  discrepancy  in¬ 
creasing  as  we  go  from  helium  to  argon.  Inclusion  of  polarization  attrac- 
25 

tion  corrections  (largest  for  argon)  would  lead  to  prediction  of  a  slower 
falloff  of  mobility  with  energy. 

Extrapolations  of  our  data  to  E/p  =  0  (thermal  energy)  vield  values 

in  quite  'satisfactory  agreement  with  the  experimental  results  of  Biondi 
20 

and  Chanin  shown  hv  the  arrows  on  the  ordinates  of  Figs.  1  and  2,  i.e. 

u  (He+,  He)  =  10.5,  p  (Ne+,  Ne)  •  4.0,  and  p  (Ar+,  Ar)  =  1.6.  These 
o  o  o 


values  are,  in  turn,  in  agreement  with  theory 


24-27 


The  decrease  in  pQ(He  ,  He)  with  increasing  E/p  found  in  the 
present  experiment  is  slightly  faster  than  that  observed  hv  Hornbeck 


19 


(upper  solid  line  in  Fig.  1).  However,  the  present  studies  of  the  varia¬ 
tion  of  u(  (Ne+,  Ne)  with  E/p  are  in  agreement  with  the  data  of  Beatv 

21  1° 
f  nd  Patterson  (solid  line  in  the  lower  half  of  Fig.  1)  and  of  Hornbeck 

(dashed  line).  Tn  the  studies  of  uQ(Ar+  in  Ar),  the  present  results  are 

20 

in  satisfactory  agreement  with  the  data  of  Biondi  and  Ohanin  and  of 
19 

Hornbeck  (solid  line  in  Fig.  2);  however,  they  disagree  with  the  mass- 
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8 

identified  ion  results  of  McAfee  e t  a  1 .  (dashed  line)  by  up  to 

In  the  case  of  helium,  the  long-drift  distance  ("  16  cm)  employed  in 

the  present  experiment  ought  to  yield  mobility  values  as  trustworthy  as 

those  obtained  by  Hornbeck  in  a  short  Townsend  avalanche  drift  tube. 

Very  recent  studies  in  a  long,  double-shutter  drift  section  (~50  cm  length) 

28  4- 

added  to  a  flowing  afterglow  tube  yield  UQ(He  ,  He)  values  which  lie 
intermediate  between  Hornbeck1 s  and  our  values. 

g 

In  the  case  of  argon,  McAfee  et  al .  used  several  experimental  tech¬ 
niques  to  determine  U0(Ar+,  Ar) .  Their  data  from  28  <  E/p  <  40,  obtained 
with  a  Hornbeck-type  drift  tube  (no  mass  analysis),  lie  closest  to  our 
results,  while  their  mass-analyzed  ion  results  differ  from  ours  both  at 
low  1/p  (<  20)  where  they  used  an  rf  ion  source,  thermalizing  space  and 
short  drift  space  f~l  cm)  and  at  higher  E/p  (>  50)  where  they  employed  a 
Townsend  avalanche  in  a  short  drift  space  (,$  1  cm).  End  effect  correc¬ 
tions  in  these  short  drift  space  measurements  should  lead  to  larger  experi¬ 
mental  errors  than  in  our  studies. 

In  view  of  the  magnitudes  of  the  random  and  systematic  errors  esti¬ 
mated  for  the  present  experiment  (~±27,  and  +  5%,  respectively)  and  those 
of  the  other  experiments  discussed  in  the  preceding  paragraphs,  we  con¬ 
clude  that  the  mobilities  of  mass-identified  lle+,  Ne+  and  Ar+  ions  in 
their  parent  hsses  have  been  determined  to  an  accuracy  of  ~+5%  and  that 
these  values  are  in  quite  satisfactory  agreement  with  the  predictions  of 
available  theory. 

A.  Unlike  Ion-Atom  Mobilities 

H+  in  He 

The  simplest  of  the  unlike  ion-atom  systems  which  may  be  readily 
studied  experimentally  is  H+  +  lie.  This  two-electron  diatomic  system  is 


curves  as 


sufficiently  simple  that  accurate  calculations  of  its  potential 
a  function  of  intemuclear  separation  ran  be  carrier!  out  on  present-day 
computers.  From  these  curves  It  is  a  straightforward  matter  to  calculat¬ 
ion-atom  momentum  transfer  cross  sections  and  ion  mobilities’4  therefore 
comparison  of  experimental  determinations  and  accurate  quantal  calcula¬ 
tions  can  now  be  made. 

che  measured  values  of  the  mobility  cf  H+  ions  in  He  shown  in  the 
upper  half  of  Fig.  3  extrapolate  to  an  F/p  -  0  value  p  -  (3i.o  +  °*5) 

2-1  -i  °  "  1.0 

cm  V  sec  ,  using  the  data  in  which  ion  injection  effects  are  elimin¬ 
ated  (cross-type  points);  these  data  show  very  little  variation  with 
increasing  F/p. 

Let  us  first  'ompare  inese  observations  with  predictions  of  classical 
29 

(Langevin  )  theory  which  assumes  that  a  long-range,  point  ion-polariz¬ 
able  atom  (dipole)  attraction  is  the  principal  interaction,  i.e., 

V (R)  -  -ae2/2R4  ,  (5) 

where  V  is  the  potential  energy  at  an  ion-atom  separation  R,  ct  is 
the  atomic  polarizability  and  e  the  electronic  charge.  Since,  with 
the  bare  proton,  electron  exchange  effects  are  absent,  the  repulsion  is 
shorter-ranged  than  usual,  and  hence  the  polarization  attraction  should 
largely  determine  the  value  of  the  ion  mobility  and  its  dependence  on 
energy.  In  this  limit,  the  predicted  mobility,  given  by  the  formula10 


u'  u  m  1/2  -  35.9  Ct“1/2 

o  or 

* 

with  the  ion-atom  reduced  mass  m 

r 

expressed  in 

a mu  and 

units,  is  u  =  34.1  cm2  V-1  sec"1. 

In  addition, 

in  this 

tion  limit  the  mobility  is  independent  of  ion  energy. 


(6) 

a  in  atomic 
pure  polariza- 
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/ui  c. ccur.UR  quantal  calculation  of  u^Ol  *  he)  has  been  carried  out 
by  Dickinson;14  his  result  at  295  K,  uq  =  33.4,  Is  shown  by  the  short 
heavy  dash  extending  from  the  ordinate  in  Fig.  3.  Further,  his  calcula¬ 


tions  Indicate  a  ~6%  decrease  In  as  the  temperature  is  doubled  from 

300  K  to  600  K.  While  we  have  not  carried  out  temperature  variation 


studies,  the  observed  decrease  in  uo  of  ~2%  as  the  ion-atom  relative 
energy  is  doubled  is  substantially  slower  than  the  theoretical  prediction. 

The  data  of  Orient  for  Uq(H  ,  He)  are  shown  by  the  solid  line  in 
Fig.  3.  Also,  by  using  the  dependence  on  reduced  mass  of  ion  and  atom 

■I  o  | 

given  in  iq.  (6),  we  have  scaled  Orient's  data  for  D  ions  in  He 

(dashed  line).  The  excellent  agreement  between  the  two  cuives  indicates 

the  validity  of  the  mass-scaling  law.  (Our  scaling  is  approximate,  since 

+  4- 

at  the  same  E/p,  n  and  H  ions  attain  slightly  different  energies.) 

The  value  Po  =  31.8  obtained  by  extrapolation  to  E/p  =  0  is  ~3%  higher 
than  our  measured  value.  Thus,  the  experimental  values  are  somewhat'  lower 
in  absolute  magnitude  (bv  5  to  7%)  than  the  quantum  theoretical  predic¬ 
tion  and  vary  more  slowly  with  ion-atom  relative  cnergv  ("temperature") 
than  predicted. 

The  results  of  the  present  studies  and  those  of  Orient  should  remove 

the  ambiguity  concerning  the  correct  value  of  uq (H+,  He).  Tn  a  recent 

paper,  Mellor11  measured  ion  mobilities  in  helium  +1%  hydrogen  mixtures 

using  a  glow  discharge  ion  source  followed  bv  a  thermalizing  region  and 

a  double  shutter  drift  space.  He  detected  only  a  single  ion  transit  time 

2  -1  —1 

ind  found  a  value  Pq  -  22  cm  V  sec  at  low  E/p  (~5),  increasing  to  a 
value  ~2'i  at  E/p  =  18.  In  a  later  experiment  he  used  a  quadrupole  mass 
spectrometer  to  identify  the  ions  drifting  out  of  a  similar  ion  source 
and  concluded  that  H+  was  the  probable  ioa  in  the  mobility  studies. 

While  we  have  insufficient  information  to  identify  the  ion(s)  present  in 
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•lol  tor's  studios,  wo  fool  our  rosults  and  those  of  Orlont  clearly  rule  out 

"  ’  SlnCt>  1,1  thls  raSe  thprp  arp  Internal  energy  state  differences 
which  would  admit  two  different  mobility  values  for  the  same  Ion. 

to  ,  Ar  ,  Kr  ,  Xe  In  lie 

The  measurements  on  nob  e  gas  Ions  In  helium  shown  In  Fig.  3  (lower) 
and  Fig.  4  permit  us  to  compare  the  mobility  of  a  series  of  Ions  having  a 
single  electron  missing  from  a  -losed  shell  with  the  well-known,  earlier 
studies1  3  of  closed  shell  alkali  Ions  In  helium.  While  the  mobility 
VNP  •  Hp>  s»’°ws  a  noticeable  decrease  with  increasing  energy  (F/p) ,  the 
mobilities  of  Ar  ,  Kr  ,  and  to  a  lesser  extent  Xe+  show  the  lack  of 
dependence  on  energy  expected  in  the  pure  polarization  (hangevin)  limit. 

The  results  of  our  determinations  of  the  mobilities  at  thermal 
energv  (E/p  -  0)  of  various  ions  in  helium  are  compared  with  results  of 
other  studies  in  Fig.  5.  In  addition  to  the  alkali  ion  mobilities  (A 
points  from  Ref.  1  ;  V  points  from  Refs.  2  and  3)  we  have  shown  the  mobi¬ 
lities  of  the  heavy  atomic  ions  Hg+  and  U+.  It  will  he  seen  chat  there 

is  a  rather  weak  dependence  of  mobility  on  ion  mass,  except  for  very  light 
ions . 

If  P°larl™tion  attraction  is  the  principal  interaction  which  deter- 

™.nes  the  ion  mobilities,  then  the  mass-scaled  mobility  y '  defined  in 

o 

the  hangevin  equation,  Eq.  (6),  should  vary  little  from  ion  to  ion.  This 

comparison  is  made  in  dg.  6,  where  it  will  be  seen  that  the  variation 

with  ion  mass  Is  still  quite  evident.  In  addition,  all  the  values  of 

Uo  (except  for  H+)  lie  above  the  pure  polarization  value,  .30. 5, calculated 
f  rom  Eq .  (6) . 

Indus  on  of  the  short-range  repulsive  interaction  between  the  ion 
and  atom  reduces  the  polarization  attraction  at  longer  range,  and  therefore 
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t. lie  mobility  exceeds  the  pure  polarization  limit  at  certain  temperatures, 

In  keeping  with  our  observations.  However,  in  order  to  obtain  an  accurate 

■f 

fit  to  the  measured  temperature  dependence  of  the  mobility  ot  hi  1ti  He, 

It  has  been  found  necessary  to  Include  an  additional  attractive  interaction 
energy,^  the  dispersion  energy  resulting  from  the  polarization  of  the 
ion,  so  that  a  more  complete  representation  of  the  ion-atom  interaction 
than  F.q.  v~>)  is 

V (R)  =  ^Repulsion)  -  A/R4  -  B/R6  .  (7) 

The  inclusion  of  the  attractive  R  ^  term  has  the  effect,  of  reducing  the 
ion  mobility  slightly. 

The  observation  that  the  mobility  of  ach  of  the  noble  gas  ions  in 

less  than  that  of  the  neighboring  alkali  ion  mav  be  explained  in  terms  of 

the  effect  ol  the  R  ^  term.  At  moderate,  ion-atom  separations,  the  effect 

ui  the  short  range  repulsive  interaction  should  be  small  and  comparable 

ror  both  the  noble  ga 5  ion  and  the  corresponding  alkali  ion.  However,  the 

unfilled  shell  of  the  noble  gas  ion  should  be  more  highly  polarizable  than 

the  closed  shell  of  the  alkali  ion,  so  that  che  R  ^  attractive  term  is 

TO 

larger  for  the  noble  gas  ion.  As  a  result  the  mobility  of  the  noble  gas 
ion  should  be  reduced  somewhat  more  than  that  of  the  corresponding  alkali 
ions,  as  observed. 

The  fact  that  u  ’  of  H+  falls  even  lower  (sightly  below  the  pure 
o 

4* 

polarization  limit)  does  not  contradict  this  argument,  since  the  H  -  He 
interaction  is  quite  different  from  the  interactions  in  the  above  cases. 

The  ion  polarizability  contribution  to  the  R  ^  term  in  Eq.  (7)  is 
obviously  zero  and,  as  noted  earlier,  the  repulsion  term  is  pure  Coulomb 
in  character  and  therefore  very  short  ranged.  Tn  this  case,  a  classical 
mobility  calculation  should  vield  a  value  very  near  the  pure  polarization 


2d 
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llmlt.  Somewhat  co Incidentally ,  the  quantal  calculation1^  yields  n  value 
of  uq  at  300  K  which  is  ~2Z  below  the  pure  polarization  value,  both 
of  these  predictions  are  in  reasonable  agreement  with  our  observations. 

The  authors  are  Indebted  to  S.  Geltman  for  helpful  discussions  of 
len  mobility  theory. 
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FIGURE  CAPTIONS 

Reduced  mobilities,  u  ,  as  a  function  of  K/p  and  of  mean  energy 

of  relative  motion  c  for  He+  in  He  and  Ne+  in  No  at  T— 29  5  K. 

The  mean  energies  are  referred  to  t  ^  =  3/2  kT  »  0.038  eV. 

Helium  pressures:  X,  0.21  Torr;  [],  0.54  Torr.  Neon  pressures: 

Y,  0,15  Torr;  +  0.42»Tor’*;  A,  0.63  Torr;  0,  1.04  Torr.  See 

text  for  explanation  oi  the  various  curves  in  the  figure. 

Reduced  mobilities  as  a  function  of  K/p  and  of  c  for  Ar+  in 

Ar  ft  295  K.  Argon  pressures:  i,  0.11  Torr;  +,  0.60  Torr. 

See  text  for  explanation  of  the  solid  and  dashed  curves. 

*4~  *4* 

Reduced  mobilities  of  H  and  Nf  in  lie  at  295  K.  Helium  pres¬ 
sures  in  H+  studies:  Y,  0.30  Toir;  X,  0,66  Torr;  +,  0.88  Torr; 

V,  0.38  Torr;  ,  0.86  Torr;  0,  0.97  Torr.  Helium  pressures  in 
Ne+  studies:  +  ,  0.48  Torr;  A,  0.84  Torr;  X,  0.96  Torr.  See 
text  for  explanation  of  various  curves  in  the  figure. 

Reduced  mobilities  of  Ar+,  Kr+,  and  Xe+  in  He  at  295  K.  Helium 
pressures  in  Ar+  studies:  II,  0.33  Torr;  X,  0.42  Torr;  +,  0.57 
Torr;  t,  0.90  Torr.  In  the  Kr+  studies:  +,  0.48  Torr;  #,  0.89 
Torr.  In  the  Xe+  studies:  ,  0.43  Torr;  +,  0.68  Torr;  •,  0.96 

Terr. 

Reduced  mobilities  of  various  ions  as  a  function  of  ion  mass 
at  T  ~  300  K.  The  solid  and  open  circles  represent  the  present 
results;  the  other  symbols  represent  measurements  by  other  in¬ 
vestigators  (see  text  for  references). 

1/2 

Mass-scaled  reduced  mobilities,  u  '  m  U  ,  as  a  function  of 

o  r  o’ 

ion  mass.  The  dot-dashed  curve  at  n  '  =  30.5  represents  the 

o 

predicted  value  in  the  limit  of  pure  induced  dipole  attraction  be¬ 
tween  ion  and  atom.  The  symbols  are  as  in  Fig.  5. 
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